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Precursor  mixtures  of -SiAlON  (z =  1 and  4) and  O-SiAlONs  (x =  0.05 and  0.2)  have  been  prepared  by  both
reaction  bonding  and  silicothermal  reduction  techniques  in a  nitrogen  atmosphere.  The  inﬂuence of the
starting  compositions  and  the  use  of different  additives  on  the  nitridation  behavior  and  SiAlON  phase
formation  have  been  studied.  Most  of  the  additive  systems  (ZrO2, Y2O3, Dy2O3, YAG  and  DyAG) enhanced
the  nitridation  of Si while  surprisingly  CaO  did not.  In  terms  of the  rare-earths,  the  enhanced  nitridation
was  greater  with  the garnet  phases  than  with  the comparable  oxide,  and  combinations  of additives  were
essentially  a  sum  of the  individual  effects.  Although,  the  use  of  CaO  did not  improve  nitridation,  it  did  lead
to  SiAlON  formation  at lower  temperatures  due  to the  formation  of a low  temperature  eutectic  liquid,eaction bonding
ilicothermal reduction
itrogen pressure
and  this  was dependent  on  the  starting  powders  with  SiO2 rich  compositions  mixtures  giving  greater
SiAlON  formation.  For  the -SiAlON  samples  produced  by silicothermal  reduction,  which  have  low  SiO2
contents,  the  use  of  rare-earths  appears  to  catalyze  the  decomposition  of  mullite,  resulting  in greater
SiAlON  formation.  This did not  occur  in  samples  with  higher  silica  content  since  the  rare-earth  reacts
preferentially  with  the  starting  powder.
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p. Introduction
Silicon nitride based materials such as SiAlON materials are
egarded as signiﬁcant and attractive structural ceramics and
efractories because of their outstanding mechanical properties
e.g. high strength, hardness, toughness), chemical inertness, good
ear and corrosion resistance and very good thermal resistance [1].
he excellent mechanical properties achieved by these materials
re of importance for high performance applications. For refractory
pplications, the chemical and thermal properties are of interest as
ell as their cost of production. The most common route to pro-
uce SiAlONs is to sinter a mixture of Si3N4, Al2O3, SiO2 and/or AlN.
i3N4 powder, however, is expensive and therefore other routes,
otably reaction bonding or silicothermal reduction techniques,∗ Corresponding author. Tel.: +64 9 9234548.
E-mail address: mark.jones@auckland.ac.nz (M.I. Jones).
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sing silicon powder [2,3] and/or clays such as halloysite [4,5]
espectively in place of the Si3N4 have been developed. This work
ocuses on the nitridation of Si and formation of - and O-SiAlONs
y reaction bonding and silicothermal reduction routes under low
itrogen overpressure (0.4 MPa) with some of the most commonly
sed additives and combination of these additives. The - and
-SiAlONs phases were chosen considering their good chemical
roperties and lower sintering temperatures over the -SiAlON and
i3N4 phases, which make them particularly suitable for refractory
pplications.
Additives, such as Y2O3 and Al2O3, which are commonly used in
ilicon nitride, and SiAlON materials produced from Si3N4, are usu-
lly present to lower sintering temperatures, and they assist in the
ormation and densiﬁcation of SiAlONs [6,7]. However, in SiAlONs
roduced by the alternate routes described here, the nitridation of
i is a preliminary step to the sintering, and it is therefore of impor-
ance to investigate whether these additives have any effect at this
tage of the process.
Studies on the effects of additives on nitridation of Si to form
i3N4 have typically been carried out under either gas ﬂow or
tmospheric pressure of nitrogen. The nitridation of pure Si can be
odiﬁed by small additions of metallic [8,9] or oxide [10] species to
he Si powder. However only a few papers [11] discuss the effects
f additives on the nitridation of Si when present in SiAlON forming
ompositions as opposed to the direct nitridation of Si. The nitri-
ation behavior in these materials may  well be different since they
ontain inherently larger amounts of other species even before any
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dation. Scanning electron microscopy was  carried out using a FEI
Quanta 200 F environmental scanning electron microscope (ESEM)4 Y. Rouquié, M.I. Jones / Journal of A
dditional additives are used. For example the formation of a z = 1
-SiAlON by reaction bonding is given by:
95Si + 13Al2O3 + 13AlN + 130 N2(g) → 39-Si5AlON7 (1)
The silicothermal route may  be even more complex since a
ortion of the Si to be nitrided comes via the decomposition of
he halloysite clay as described by:
(Al2O3·2.4SiO2·2.2H2O) + 29AlN + 183Si + 122N2(g)
→ 39-Si5AlON7 + 11H2O(g) (2)
Therefore this work investigates the effect of different additives,
oth singularly and in combinations, and the effect of the start-
ng powder composition on the nitridation and phase formation of
- and -SiAlONs produced by reaction bonding and silicothermal
roduction routes.
. Experimental procedure
.1. Raw material preparation
- and O-SiAlONs with respective formulae Si6−zAlzOzN8−z and
i2−xAlxO1+xN2−x were prepared by reaction bonding and sili-
othermal reduction. The starting materials were silicon (Sicomill,
rade 4D), halloysite clay (NZCC, ultraﬁne-H), Al2O3 (Sumitomo,
KP-30), AlN (Tokuyama, grade E) and SiO2 (Commercial Miner-
ls, Silica Superﬁne). The powders were prepared according to the
ollowing reactions for the formation of:
-SiAlON (z = 1 and 4 respectively) by reaction bonding route
(referred as B21 and B24):
195Si + 13Al2O3 + 13AlN + 130 N2(g) → 39-Si5AlON7 (1)
78Si + 52Al2O3 + 52AlN + 52 N2(g) → 39-Si2Al4O4N4 (3)
-SiAlON (z = 1 and 4 respectively) by silicothermal reduction
(referred as B31 and B34):
5(Al2O3·2.4SiO2·2.2H2O) + 29AlN + 183Si + 122 N2(g)
→ 39-Si5AlON7 + 11H2O(g) (2)
20(Al2O3·2.4SiO2·2.2H2O) + 116AlN + 30Si + 20 N2(g)
→ 39-Si2Al4O4N4 + 44H2O(g) (4)
O-SiAlON (x = 0.05 and 0.2 respectively) by reaction bonding
route (referred as O2.05 and O2.2):
292.5Si + 97.5SiO2 + 5Al2O3 + 195N2(g)
→ 200O-Si1.95Al0.05O1.05N1.95 (5)
270Si + 90SiO2 + 20Al2O3 + 180N2(g) → 200O-Si1.8Al0.2O1.2N1.8
(6)
O-SiAlON (x = 0.05 and 0.2 respectively) by silicothermal reduc-
tion (referred as O3.05 and O3.2):
5(Al2O3·2.4SiO2·2.2H2O) + 85.5SiO2 + 292.5Si + 195 N2(g)
→ 200O-Si1.95Al0.05O1.05N1.95 + 11H2O(g) (7)20(Al2O3·2.4SiO2·2.2H2O) + 42SiO2 + 270Si + 180 N2(g)
→ 200O-Si1.8Al0.2O1.2N1.8 + 44H2O(g) (8)
a
p
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Rare-earth oxides used as sintering additives were Y2O3 (Met-
ll Rare Earth Limited, 99.99%) and Dy2O3 (Metall Rare Earth
imited, 99.99%), which were added either singularly or in com-
ination with Al2O3 (Sumitomo, AKP-30) to give the rare-earth
luminum garnet (RE3Al5O12) composition. In SiAlON materi-
ls produced by nitridation of metallic Si, as opposed to using
i3N4 starting powders, enhancement of the nitriding step is
lso important and in this work the nitriding additives were
aO (Scharlau, natural,) and ZrO2 (Aldrich, 99%) which promote
he overall conversion of Si to Si3N4 and favor the formation
f -Si3N4 [12,13]. All additives were added at 2 mol% rela-
ive to the SiAlON. The oxygen content of the silicon and AlN
owders was  taken into consideration when determining pow-
er amounts. The precursor powders were planetary milled in
sopropanol for 2 h at 300 rpm with Si3N4 balls in a Si3N4 con-
ainer and pressed into pellets followed by isostatic pressing at
00 MPa.
.2. SiAlON synthesis
The nitriding schedule was  chosen according to a common
eating schedule used for reaction bonded SiAlONs. SiAlON pel-
ets were placed in BN crucibles and heated in a graphite furnace
ith graphite heating elements under vacuum until 800 ◦C at
pproximately 4.3 ◦C min−1 (ﬁxed ramp that cannot be con-
rolled below 800 ◦C), and then up to 1250 ◦C at 5 ◦C min−1
nder 0.4 MPa  of nitrogen. The schedule was  set with a 3-h
old at this temperature before further heating at 2 ◦C min−1 to
he ﬁnal temperature of 1350 ◦C where the samples were held
or 6 h. Once heating had been stopped, samples were imme-
iately cooled down at 10 ◦C min−1 to 1000 ◦C, and the rest of
he cooling down was  done at the natural rate of the furnace.
 powder bed was  used to protect the samples and its com-
osition was  designed to be similar to that of the samples,
.g. a -SiAlON powder bed was  used for the -SiAlON sam-
les, to limit decomposition by modifying the local environment
4].
.3. Characterization
The degree of nitridation of the samples was determined by
ass changes and crystalline phase analysis was  carried out by
-ray diffraction (XRD) with a Bruker D8 Advance with Cu K
adiation. Data were collected over the range 2 = 10◦–70◦ at
 s/step and a step size of 0.02◦. Peak analysis was carried out
sing DIFFRAC EVA v1.4 software. The relative amounts of dif-
erent phases were semi-quantitatively determined from peak
eights. Most of the samples were analyzed as solids, but the
elative peak intensities obtained showed a good match with pow-
er standards from the JCPDS library and so it was assumed that
referred orientation did not have a large effect. Bulk density
nd open porosity were measured by Archimedes’ method. The
hermal behavior of SiAlON powders was  examined by thermo-
ravimetry (TGA) using a Mettler TA1 thermobalance in ﬂowing
itrogen following the same heating schedule as described for nitri-nd Energy dispersive X-ray spectrometry (EDS) elemental map-
ing was carried out with a SiLi (lithium drifted) EDS detector to
eterminate elemental distribution of the additives in the nitrided
ellets.
Y. Rouquié, M.I. Jones / Journal of Asian Ceramic Societies 1 (2013) 53–64 55
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eig. 1. Effects of CaO and ZrO2 on the nitridation of -SiAlONs (z = 1 and 4) and O-S
outes.
. Results and discussions
.1. Effects of CaO and ZrO2 on the nitridation of Si in a SiAlON
ixture
The degrees of nitridation of four different - and O-SiAlON
ompositions, with CaO and ZrO2 as additives, are shown in Fig. 1.
he effect of these additives on the nitridation of pure Si has been
stablished [8,10], and it has been shown that their main role was  to
nhance the nitrogen pick-up during heating. In the present work
heir effect on the nitridation of Si in SiAlON forming compositions
as different to that of pure Si and was dependent on the type of
iAlON being formed. Indeed the CaO and ZrO2 were shown to have
lmost no effect on the nitridation in -SiAlONs. In O-SiAlON com-
ositions the nitridation was enhanced with the ZrO2 additions,
ut the CaO actually hindered nitridation.
In these O-SiAlONs, ZrN and/or ZrO2 and different calcium sili-
ide or silicate phases were observed in XRD patterns. The ZrO2
ay  have the same beneﬁcial effect as described by Hyuga et al.
10] when added to Si for the formation of Si3N4 where it was
eported to convert into ZrN during heating and provide an inter-
al nitrogen source that enhanced the nitridation. The presence
f calcium silicate and silicide phases in the O-SiAlONs (and not
n the -SiAlONs) suggests that CaO reacted with the free SiO2 of
he O-SiAlON powders. Moreover XRD semi-quantitative analysis
howed that the O-SiAlONs with CaO contained more Si, which
as not nitrided than the O-SiAlONs without additives, conﬁrming
hat the lower degrees of nitridation were achieved in O-SiAlONs
ith CaO additions. CaO probably reacted with the large amount
f SiO2 and Al2O3 in the O-SiAlON mixtures to form a eutec-
ic liquid at low temperature which, upon wetting the Si grains,
ould have isolated them from the nitrogen atmosphere. This
ffect was particularly noticeable in the samples produced by sili-
othermal reduction (O3.05 and O3.2) where the higher amount
f SiO2 and Al2O3 in the high substitution sample led to the
ormation of more liquid which further reduced the nitridation
Fig. 1).
CaO was expected to enhance nitridation by reacting with the
iO2 layer at the surface of Si grains, which would have exposed
he underlying Si to the nitrogen atmosphere. However in the O-
iAlON mixtures that contain large amounts of additional SiO2, the
aO may  have reacted preferentially with these species rather than
ith the native oxide layer.
The addition of CaO did not have the same negative effect on
he nitridation of -SiAlON mixtures as it did for the O-SiAlONs. In
he starting powders for these materials there were no additions of
iO2, and its only source was from either the halloysite clay or the
3
u (x = 0.05 and 0.2) prepared by reaction bonding (2) and silicothermal reduction (3)
ative oxide layer on the Si powder. The amount of SiO2 in these
amples was therefore much less than it was  in the O-SiAlONs.
.2. Effects of YAG, DyAG, Y2O3, and Dy2O3 on nitridation
The respective degree of nitridation of - and O-SiAlON com-
ositions, with YAG, DyAG, Y2O3, and Dy2O3 additives is shown in
ig. 2. Rare-earth oxide and garnet phases such as YAG and DyAG
re typically added in order to enhance the densiﬁcation of SiAlONs
uring the sintering stage [6]; however, in this work they were
lso observed to enhance the nitridation of Si in all of the SiAlON
ompositions with the exception of the O-SiAlON produced by sil-
cothermal reduction route (O3.2) where the degree of nitridation
as slightly decreased.
The rare-earths in general had the same effect of increasing
itridation regardless of whether they were added individually
s Y2O3 and Dy2O3 or as the respective garnet phases, although
he magnitude of enhancement was slightly different. The com-
ositions with individual Y2O3 and Dy2O3 actually contained less
are-earth oxide than the garnet phases since all the additives were
dded at 2 mol%, and 1 mol  of rare-earth garnet contains 1.5 mol
f rare-earth oxide (e.g. YAG = 3/2Y2O3·5/2Al2O3). The replace-
ent of Y2O3 with YAG therefore led to slightly higher degrees
f nitridation in - and O-SiAlON compositions, in the same way
s an increase in Y2O3 content (from 3% to 6% in mass) increased
he conversion of Si to Si3N4 in the work of Brown et al. [14].
he replacement of Dy2O3 with DyAG also led to slightly higher
egrees of nitridation in -SiAlON compositions, but to slightly
ower degrees in O-SiAlON. Pavarajarn et al. [9] have shown for
etal additions in pure Si that higher mass amounts of additives do
ot necessarily lead to higher conversions. Low additions can pro-
ote the nitridation while, above a certain threshold depending on
he additive used, the beneﬁcial effect can decrease and even lead
o lower conversions than without additive. It is likely that the same
henomenon occurred in the O-SiAlONs, since in these materials
he mass of Dy2O3 in the starting mixture was much larger than
hat in the  (where nitridation was enhanced). It was also higher
han the Y2O3 in the O (where nitridation was also enhanced) as
hown in Table 1. The fact that the degree of nitridation with DyAG
dditions was lower than with Dy2O3 (but still higher than without
dditive) suggests that the optimal amount of Dy2O3 necessary to
nhance nitridation in these O-SiAlONs is lower than 10% in mass..3. Effects of combinations of additives on nitridation
Fig. 3 shows the degree of nitridation of - and O-SiAlONs when
sing combinations of additives.
56 Y. Rouquié, M.I. Jones / Journal of Asian Ceramic Societies 1 (2013) 53–64
Fig. 2. Effects of YAG, Y2O3, DyAG, and Dy2O3 on the nitridation of -SiAlONs (z = 1 and 4) and O-SiAlONs (x = 0.05 and 0.2) prepared by reaction bonding (2) and silicothermal
reduction (3) routes.
Table 1
Mass percentage of rare-earth oxide in starting compositions.
Compositions Additives
Y2O3 (mass% of Y2O3) YAG (mass% of Y2O3) Dy2O3 (mass% of Dy2O3) DyAG (mass% of Dy2O3)
B21 1.6 2.4 2.7 3.9
B31 1.7 2.5 2.8 4.1
B24  2.1 3.0 3.4 4.9
B34  2.4 3.5 4.0 5.7
O2.05  4.8 6.7 7.7 10.6
O3.05  4.9 6.8 7.8 10.7
O2.2  5.0 6.9 7.9 10.9
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The combinations of additives in -SiAlONs generally led to
ncreased nitridation but there was no apparent synergistic effect.
he enhancement in nitridation appears to be cumulative since it
as close to that obtained by adding the effects observed for single
dditives. That is, both the YAG and the DyAG alone enhanced nitri-
ation while the CaO and ZrO2 alone had no effect, and therefore
ombinations of additives had a similar degree of enhancement as
he garnet phases on their own.
In O-SiAlONs the additions of ZrO2, which had a positive effect
hen added alone, combined with either YAG or DyAG, which also
ad positive effects, resulted in the highest degrees of nitridation
f any of the O-SiAlON materials. The nitridation with these com-
inations was greater than any of the additives used singularly
t
s
c
e
ig. 3. Effects of combination of additives on the nitridation of -SiAlONs (z = 1 and 4) an
eduction (3) routes.8.3 11.4
ut was  not strictly cumulative. Combinations of CaO with YAG
lso appeared to behave similar to the sum of these additives
dded individually. That is, the nitridation behavior was  a combi-
ation of the positive effects of the YAG when added alone and the
egative effects of CaO when added alone. The behavior of
aO/DyAG combinations again followed this same trend for the
ow substitution O-SiAlONs but not in those with higher degrees of
ubstitution (O2.2 and O3.2).
These two  samples showed very low degrees of nitridation with
his combination of additives, which could not be explained as a
um of the effects of the two  additives individually. The total per-
entage nitridation of these samples was >17 points lower than the
xpected value if the effects were to be cumulative, whereas in all
d O-SiAlONs (x = 0.05 and 0.2) prepared by reaction bonding (2) and silicothermal
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ig. 4. Evolution of the nitridation of Si in a -SiAlON powder (B31) under ﬂowing
itrogen.
ther systems the difference between actual nitridation and that
alculated assuming cumulative effects was much less, typically
7 points.
.4. Effects of the SiAlON starting compositions on nitridation
The high substitution -SiAlONs, B34, systematically achieved
ower degrees of nitridation than the other -SiAlON compositions.
owever XRD analysis did not show any evidence of any Si or Si-
ontaining crystalline phases in any of the materials (Fig. 10). This
ower degree of nitridation was consistent not only across all addi-
ive types, but also in the sample with no additives and therefore
t could not be attributed to a reaction between silicon and the
dditives to form a crystalline phase.
TGA analysis of a powder composition, the same as B31, is shown
n Fig. 4. This shows that there was an initial rapid increase in nitri-
ation as the temperature was raised from 1250 ◦C to 1350 ◦C, but
hat it slowed down after a relatively short time during the hold at
350 ◦C.
This temperature is close to the melting point of Si (1410 ◦C) and
herefore part of the Si that was not yet nitrided was  susceptible to
eing lost by volatilization during the 6-h hold.
Note that the TGA analysis was carried out on powders rather
han on pressed pellets and was also conducted in an atmosphere of
owing nitrogen, such that the absolute degrees of nitridation are
ot necessarily the same as those measured for the pellets under a
tatic gas pressure. The mass of Si that evaporated may  not signif-
cantly affect the calculated degree of nitridation in samples that
i
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ig. 5. Effects of CaO, ZrO2, YAG, and DyAG and combination of these additives on the bu
-SiAlONs (z = 1 and 4) prepared by reaction bonding (2) and silicothermal reduction (3) eramic Societies 1 (2013) 53–64 57
ontained a large amount of Si but could have a major impact on
he calculation of the degree of nitridation for those that only have
 small amount of Si, such as B34, assuming the total amount of Si
ost by evaporation is similar.
Table 2 shows the measured degree of nitridation for the sam-
les based on the average of all eleven additive combinations along
ith the number of moles of Si in the starting powder which need
o be nitrided to form 1 mol  of SiAlON based on Eqs. (1)–(8). The
amples with higher amounts of Si in the starting mixture lead
o higher apparent degrees of nitridation but the maximum mea-
ured nitridation was  only 86%. If it is assumed that all of the Si
n the body is nitrided, and the difference between the measured
alue and 100% nitridation is due to evaporation, then the number
f moles of Si lost per mole of SiAlON can be determined. These esti-
ated losses varied from 0.38 to 0.98 mol  Si/mol SiAlON (column 4)
nd can be used to determine the range of theoretically achievable
egree of nitridation (column 5). In samples where there was no
easurable Si remaining the measured nitridation was  close to the
aximum theoretical, therefore indicating that evaporation was
esponsible for the less than 100% nitridation. In samples where
esidual Si was detected, the difference between the measured and
he theoretical maximum nitridation was  greater (column 7). This
nalysis shows that care must be taken when describing apparent
egrees of nitridation. Although B34 had only a 50% degree of nitri-
ation, all of the Si that is in the sample at the end of the nitriding
tep is actually nitrided and losses are due to evaporation. Con-
ersely, although B21 showed a higher degree of nitridation (over
0%), not all of the un-nitrided Si was  lost by evaporation and some
emained in the sample. Therefore this analysis explains why the
verage measured degree of nitridation was  smaller in O-SiAlONs
han in -SiAlONs and why it was only 50% in B34. In summary,
his analysis shows that the composition of the starting mixture
as the main parameter that inﬂuenced the measured degree of
itridation when SiAlONs were nitrided for a long time at tem-
eratures below the main nitrogen pick-up temperature of about
370 ◦C.
.5. Effects of additives and initial compositions on density and
pen porosity
The bulk density of -SiAlON pellets before and after nitridation
s shown in Fig. 5. None of these samples showed any shrink-
ge following the nitriding, and therefore increases in density are
irectly related to the amount of N2 entering the structure. The sim-
lar increase in density after nitridation for the low substitution
lk density before (gray) and after (colors) nitridation and on the open porosity of
routes.
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Fig. 6. ESEM micrographs of -SiAlONs with 2 mol% YAG produced by (a) reaction
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and B31) both had similar phase assemblages independently ofonding with z = 1 and by silicothermal reduction with (b) z = 1 and (c) z = 4.
aterials (B21 and B31) can be explained in terms of similar
egrees of nitridation (Table 2) and similar amounts of Si in the
tarting powders (Eqs. (1) and (2)). On the other hand, although the
itridation of B31 and the nitridation of B24 were similar, the higher
ncrease in density for B31 is attributed to the larger amount of Si in
he starting mixture. Similarly, the low increase in density for B34
s attributed to the low initial Si content. Fig. 6 shows an example of
t

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his behavior. B21 and B31 have very similar microstructures when
he same additives are used and their open porosity and nitridation
re similar, thus indicating no real effect of processing route. On
he other hand, B31 and B34 have very different densities whereby
he lower amount of Si in B34 results in less pore ﬁlling by nitro-
en and therefore a more porous structure, which is also shown in
ig. 6.
The bulk density of O-SiAlON pellets before and after nitrida-
ion is shown in Fig. 7. In a manner similar to the -SiAlONs, the
ncrease in density after nitridation in O-SiAlONs was related to
he amount of N2 entering the structure. For instance, the addi-
ion of ZrO2/DyAG led both to higher degrees of nitridation and
o higher increase in density. However the difference in increase
n density between the different O-SiAlONs was smaller than that
etween the -SiAlONs. Indeed, the difference in the amount of
i in these powders (1.35–1.46 mol/mol SiAlON) is much smaller
han the difference in the -SiAlONs (0.77–5.00 mol/mol SiAlON).
ence the increase in density in O-SiAlONs was not as depen-
ent on the degree of nitridation as it was  in the -SiAlONs
as. The density was  dependent on the starting compositions
processing routes and the levels of substitution). For compa-
able levels of substitution, samples that contained halloysite
silicothermal) had higher density, greater shrinkages and lower
pen porosities than those without (reaction bonding) and the
ifference was greater for the higher levels of substitution. Of
he silicothermal samples the ones with greater halloysite con-
ent achieved higher densities, than those with a lower halloysite
ontent.
The density and open porosity were dependent on the type of
dditive used, and their effects were consistent across all of the
-SiAlON compositions. When used singularly, CaO, YAG or DyAG
ystematically led to higher densities and lower open porosities
han without additive, ZrO2, Y2O3 or Dy2O3. This was thought to
e due to the possibility of forming a liquid with the ﬁrst three
dditives since the nitriding temperature was  above the eutectic
oint of the CaO–SiO2–Al2O3 system [15] and close to the one
n the Re2O3–SiO2–Al2O3 systems [16,17] as shown in Table 3.
he nitriding temperature was  below the eutectic point in the
rO2–SiO2–Al2O3 system [18], and the amount of Al2O3 was too
ow when Y2O3 and Dy2O3 were added alone. Fig. 8 shows the
ffect of additives on the microstructure after nitridation, and sup-
orts the porosity data. The samples with CaO had a higher density
espite lower nitridation (and therefore less pore ﬁlling by nitro-
en) since in the CaO system a liquid phase was  formed. With ZrO2
he liquid phase was not formed and despite higher nitridation the
orosity was greater.
The combinations of additives led to lower open porosities and
reater densities but also greater shrinkage than the individual
ystems had. This was  probably due to the possibility of forming
 larger volume of liquid in the quaternary systems than in the
ernary ones.
.6. Phase assemblage of ˇ-SiAlONs after nitridation
The amount of residual Si in -SiAlONs produced by silicother-
al  reduction (B31 and B34) after nitridation was typically very
ow, if not undetectable as seen in Figs. 9 and 10. For reaction
onded samples, Si was only detected in signiﬁcant amounts in
21, which correlates well with this sample having the lowest
egrees of nitridation in comparison with the maximum achiev-
ble, as shown in Table 2. In addition, -SiAlONs with z = 1 (B21he type of additive used. They comprised of two main phases of
-SiAlON and -Si3N4 and two minor phases of Al2O3 and AlN.
ll of the compositions containing rare-earth oxides had a higher
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Table  2
Effect of mass losses on the maximum degree of nitridation based on the average of all 11 additive systems.
Sample Average degree of
nitridation (%)
Moles of Si required to
form 1 mol  SiAlON
Estimated losses in
mol  Si/mol SiAlON
Range of theoretical
degree of nitridation (%)
Samples with
remaining Sia
Difference between maximum and
average degree of nitridation (%)
B21 80.5 5.00 0.98 80.5–92.4 5 11.9
B31  86.8 4.69 0.62 79.1–91.9 0 5.1
B24  80.6 2.00 0.39 51.0–81.0 0 0.4
B34  50.4 0.77 0.38 –27.3 to 50.6 0 0.2
O2.05  64.3 1.46 0.52 32.9–74.0 2 (>20%) 9.7
O3.05  72.1 1.46 0.41 32.9–74.0 2 1.9
O2.2  65.3 1.35 0.47 27.4–71.9 3 6.6
O3.2  69.4 1.35 0.41 27.4–71.9 3 2.5
a Where XRD shows >5%
Fig. 7. Effects of CaO, ZrO2, YAG, DyAG and combination of these additives on the bulk density before (gray) and after (colors) nitridation and on the open porosity of
O-SiAlONs (x = 0.05 and 0.2) prepared by reaction bonding (2) and silicothermal reduction (3) routes.
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net additions. Table 4 gives the Al2O3/AlN mass ratio after the
nitridation for all additive systems calculated from the results of
the semi-quantitative analysis. The ratio was relatively similar
Table 3
Eutectic temperatures of the additives used in the SiO2–Al2O3–oxide system.
Oxide Eutectic temperature (◦C)Fig. 8. ESEM micrographs of O-SiAlONs prepared by silic
-SiAlON content than the three compositions without it (namely
he ones with no additive and with single additions of CaO and
rO2), which instead had higher AlN and -Si3N4 contents. This
ndicates that the rare-earth additions promoted the formation of
-SiAlON by enhancing the incorporation of AlN and Al2O3 into the
i3N4 structure.
The main phases in -SiAlONs with z = 4 (B24 and B34) were
-SiAlON, Al2O3 and AlN as shown in Fig. 10. These compositions
nitially contained a larger amount of Al2O3 and AlN than the -
iAlONs with z = 1 and these two phases were not able to be fully
ncorporated into the Si3N4 structure during the nitriding stage
nd therefore remained in the samples at the end of nitriding, even
hen rare-earth oxides were used.
An equimolar amount of AlN and Al2O3 was used in the powder
ixture of the high substitution -SiAlON produced by reactional reduction route with 2 mol% of (a) CaO and (b) ZrO2.
onding (B24) according to Eq. (3). The mass ratio of Al2O3/AlN
n this sample was  therefore equal to 2.49 when no Al2O3 was
ncluded as an additive and 2.58 for the samples with the gar-CaO 1170
Y2O3 1371
Dy2O3 1389
ZrO2 1700–1710
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Fig. 9. Effects of CaO, ZrO2, YAG, and DyAG and combination of these additives on the crystalline phase assemblage of -SiAlONs (z = 1) prepared by reaction bonding (white)
and  silicothermal reduction (shaded) routes.
Fig. 10. Effects of CaO, ZrO2, YAG, and DyAG and combination of these additives on the crystalline phase assemblage of -SiAlONs (z = 4) prepared by reaction bonding
(white) and silicothermal reduction (shaded) routes.
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Table  4
Mass ratio of Al2O3 and AlN in -SiAlON with z = 4 produced by reaction
bonding (B24) and silicothermal reduction (B34) routes determined by XRD semi-
quantitative analysis. The ratio is slightly higher when additives containing Al2O3
are employed.
B24 B34
Ratio in starting mixtures
Without garnet
precursor phase
2.49 0
With garnet precursor
phase
2.58 0.04
Ratio after nitriding stage
No additive 2 0
CaO 2.41 0
ZrO2 2.32 0
YAG 2.25 2.35
DyAG 2.89 2.13
Y2O3 2.37 2.05
Dy2O3 2.29 2.39
CaO/YAG 2.19 2.24
CaO/DyAG 2.21 2.24
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ZrO2/DyAG 2.57 2.41
or all systems after nitridation, despite containing different total
mounts of the SiAlON phase, and close to that of the starting mix-
ure. Thus the formation of -SiAlON with z = 4 by reaction bonding
an be written as a progressive incorporation of these two phases
nto the Si3N4 structure:
0Si3N4 + 2Al2O3 + 2AlN → 6Si5AlON7 (9)
Si5AlON7 + 2Al2O3 + 2AlN → 5Si4Al2O2N6 (10)
Si4Al2O2N6 + 2Al2O3 + 2AlN → 4Si3Al3O3N5 (11)
Si3Al3O3N5 + 2Al2O3 + 2AlN → 3Si2Al4O4N4 (12)
Peak shifts in XRD analysis of these samples after nitridation
id indeed indicate that -SiAlONs with low level of substitution
0 < z < 1) were formed whereas subsequent sintering of these sam-
les did result in -SiAlONs with high level of substitution (z ≈ 4).
ince the measurements were only taken at two temperatures, the
ntermediate -SiAlON phases could not be identiﬁed.
The Al2O3/AlN ratio in the high substitution sample produced
y silicothermal reduction (B34) was similar to that in the reaction
onded sample for all the compositions that contained the rare-
arth oxides as seen in Table 4. This is despite the fact that the B34
amples contain no or a very little alumina in the starting mixture
Al2O3/AlN = 0.04 with garnet additives) since halloysite was  used
nstead of Al2O3.
Above 1000 ◦C halloysite decomposes into Mullite and SiO2 [19]
ccording to:
(Al2O3·2SiO2·2H2O) → 2SiO2·3Al2O3 + 4SiO2 + 6H2O(g) (13)
The XRD analysis and Fig. 10 show that these rare-earth con-
aining -SiAlONs B34 had no mullite or SiO2 and contained a
ajor phase of Al2O3. Rare-earth silicates were detected in small
mounts; therefore, it could be suggested that the rare-earth oxides
eacted with mullite perhaps according to:
e2O3 + 2SiO2·3Al2O3 → Re2Si2O7 + 3Al2O3 (14)
Such reactions destroyed the mullite structure and formed
l2O3 that can react with other phases or enter the Si3N4 struc-
ure to form -SiAlON. Indeed the amount of -SiAlON present in
hese samples was higher than the corresponding ones without the
are-earth additives. This behavior was also observed in the low
ubstitution samples (z = 1) prepared by silicothermal reduction.
ny alumina that does not take part in SiAlON formation remains
s Al2O3 and is the reason for the Al2O3/AlN ratios observed. On
w
i
C
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he other hand in the three compositions without rare-earth oxide,
he -SiAlONs produced by silicothermal reduction did not contain
his remaining Al2O3 but they did contain between 20% and 30% in
ass of mullite as well as about 5% in mass SiO2 (not shown on the
gure for clarity purposes).
It appears then that the presence of the rare-earths catalyzes the
ecomposition of mullite. However even for the B34 samples with
are-earth, even if all the Al2O3 contained in the initial halloysite
as transformed into free Al2O3, the Al2O3/AlN ratio should still
nly be 0.42, which is 5–6 times less than that observed. This sug-
ests that some AlN was  also transformed into Al2O3 which could
orrespond to the oxidation of AlN by the SiO2 formed from the
issociation of halloysite according to:
AlN + 3SiO2 → 2Al2O3 + Si3N4 (15)
This would also lead to the formation of Si3N4 without pick-
ng up N2 from the atmosphere. Table 5 shows the estimated
omposition after nitridation based on the 50% degree of nitri-
ation measured for this sample. This shows that the nitride
hase (low level substitution -SiAlONs and/or Si3N4) should only
epresent 6.8 mass% although the amount determined from the
emi-quantitative XRD analysis was much higher (34.3%).
However if additional silicon nitride is formed according to
eaction (15), then assuming that all of the SiO2 contained in the
alloysite is transformed to nitride, the calculated total amount of
itride phases (from nitridation of Si plus reaction (15)) is much
loser to that determined from XRD analysis. Reaction (15) would
lso explain why the amount of nitride phases (-SiAlON and
i3N4) seen in Fig. 10 was  much higher in B34 containing rare-
arth oxides (34.3% in mass on average) than in those without it
9.3% in mass on average).
A reaction path for the formation of -SiAlON z = 4 by sili-
othermal reduction can be suggested as follows. Following the
ecomposition of halloysite into mullite and SiO2, the SiO2 and AlN
eacted with the nitrided Si to form -SiAlON according to:
Si3N4 + 3SiO2 + 6AlN → 10Si3N4 + 2Al2O3 + 2AlN → 6Si5AlON7
(16)
After decomposition of mullite into Al2O3 and SiO2, which was
atalyzed in the presence of rare-earth oxides, the formation of -
iAlON proceeded as SiO2 and AlN were integrated into the SiAlON
tructure:
Si5AlON7 + 2SiO2 + 4AlN → 3Si4Al2O2N6 (17)
The reaction can progress further as long as SiO2 is available:
i4Al2O2N6 + 2SiO2 + 4AlN → 2Si3Al3O3N5 (18)
Once all of the SiO2 is incorporated into the SiAlON structure,
he remaining AlN and Al2O3 phases were present in the samples
t an equimolar amount and the reaction occurring was the same
s with reaction bonding:
Si3Al3O3N5 + 2Al2O3 + 2AlN → 3Si2Al4O4N4 (19)
.7. Phase assemblage of O-SiAlONs after nitridation
As seen previously in Fig. 1, in O-SiAlON materials the nitrida-
ion, measured by mass losses, was hindered by CaO and enhanced
y ZrO2 additives. These effects are corroborated in Figs. 11 and 13
hich show the phase assemblage based on XRD analysis where
t can be seen that there is more Si detected in O-SiAlONs with
aO, and less with ZrO2, in comparison to the samples without
dditives. The presence of ZrO2 led to a major phase of -Si3N4
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Table 5
Comparison of the measured crystalline phase composition in mass percentage to two calculated phase compositions: one taking into account only the Si3N4 formed from
the  Si reacting with the atmosphere and another one including both the nitridation reaction and the oxidation of AlN by SiO2 according to reaction (15).
Phase M (g mol−1) Composition if 50% of Si is converted to Si3N4 (%) Mass% measured by XRD
semi-quantitative analysis
(%)
Mass% if 50% of Si is converted
to Si3N4 and if all SiO2 is
consumed in reaction (15) (%)
n (mol) m (g) Mass%
Si3N4 140.28 5 701.4 6.8 34.3 31.5
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SiO2 60.08 48 2884.1 2
AlN  40.99 116 4754.6 4
nd to minor phases of O-SiAlON and SiO2. For the high substitu-
ion materials, additional minor phases were observed depending
n the processing route used, with Al2O3 being detected in reac-
ion bonded samples (O2.2) and mullite being detected in O-SiAlON
O3.2) produced by the silicothermal reduction route. The presence
f the SiO2 and Al2O3 (or mullite) indicates that they were not able
o be incorporated into the Si3N4 structure to form O-SiAlON at
350 ◦C in these samples and therefore the amount of O-SiAlON
s low while that of the -Si3N4 was high. The presence of a large
mount of -Si3N4, the low content of O-SiAlON and the presence
f SiO2 in the low substitution materials suggests that similar reac-
ion paths occurred in O-SiAlON x = 0.05 and x = 0.2 although the
inor Al2O3 phase could not be detected presumably because of
ts much lower content in the starting mixture.
In the presence of single additions of CaO, smaller amounts of
i3N4 and SiO2 were observed in the O-SiAlONs compared to the
ample without additives whereas a major phase of O-SiAlON was
ormed. Although CaO actually hindered the nitridation (Fig. 1)
his result suggests that it did promote the formation of O-SiAlON
y enhancing the incorporation of SiO2 and Al2O3 into the Si3N4
tructure of any nitride that had formed. The difference in the
ehavior between the CaO and ZrO2 additions is thought to be due
o their eutectic temperatures and ability to form a liquid phase
t the nitriding temperature (Table 3). The nitriding temperature
s
t
o
a
ig. 11. Effects of CaO, ZrO2, YAG, and DyAG and combination of these additives on the c
white) and silicothermal reduction (shaded) routes.45.6 45.8
0.0 0.0
20.1 22.7
as above the eutectic temperature in the CaO–SiO2–Al2O3 sys-
em while it was  below for the ZrO2–SiO2–Al2O3 one. Therefore
rO2 was able to enhance nitridation as described earlier but was
ot able to form a liquid phase in which O-SiAlON grains could
recipitate. On the other hand, by forming a liquid phase at lower
emperature, CaO additions promoted the formation of O-SiAlON
ut, as a consequence, the nitridation was hindered by this liquid
hase, which contributed to isolating Si from the nitrogen by has-
ening pores closure or by wetting the Si grains. The presence or
bsence of a liquid phase and its effect on densiﬁcation was  indi-
ated in the SEM images shown in Fig. 8. This ﬁgure indicated not
nly density differences, but also the presence of high contrast par-
icles for the sample containing ZrO2. Figs. 12 shows EDS elemental
istribution of the additive elements of these same samples. The
a (Fig. 12a) was  much more homogeneously distributed due to
ormation of the liquid phase whereas the Zr was still present as
iscrete particles since no liquid phase was formed (Fig. 12b).
In the case of the O-SiAlON (x = 0.2), nitrided with rare-earth
xide or garnet additions, high levels of O-SiAlON were produced
∼80%). These high substitution materials contained Al2O3 in the
tarting mixture (either as oxide or through successive decomposi-
ions of halloysite and mullite) and therefore even in samples which
nly have single additions of rare-earth oxide, there is sufﬁcient
lumina available to form the SiAlON phase.
rystalline phase assemblage of O-SiAlONs (x = 0.05) prepared by reaction bonding
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However, in the O-SiAlONs (x = 0.05), there was  a difference in
he phase assemblage of samples with additions of rare-earth oxide
nd garnet phases. The amount of O-SiAlON was  twice as high in
amples with YAG and DyAG additions (about 80% in mass) com-
ared with Y2O3 and Dy2O3 (about 40% in mass) as shown in Fig. 11.
n these materials the amount of alumina in the starting mixture is
ower and with single rare-earth oxide additions the SiAlON phase
annot be formed to the same extent. The extra Al2O3 provided with
he garnet phases is thought to be the reason for the enhanced for-
ation of the O-SiAlON phase with this additive, which occurs inhe presence of a liquid phase by dissolution/precipitation [1,20].
his correlates well with the results on the open porosity as
-SiAlONs with Y2O3 and Dy2O3, which had higher open porosities
han the ones with YAG and DyAG (Fig. 6).
s
l
b
c
ig. 13. Effects of CaO, ZrO2, YAG, and DyAG and combination of these additives on the 
white) and silicothermal reduction (shaded) routes.respectively. These elemental maps correspond to the ESEM micrographs given in
Almost all of the O-SiAlONs with rare-earth garnet additions,
ither alone or in combination, led to the same phase assemblage
omposed of a major phase of O-SiAlON (around 80% in mass) and
inor phases of Si3N4 as shown in Fig. 12. Only the O-SiAlONs
x = 0.2) with CaO/DyAG additions had a phase assemblage sig-
iﬁcantly different. The XRD analysis showed that these samples
ontained the most Si, which was in good agreement with their
egree of nitridation being the lowest among all additive systems
about 28% as shown in Fig. 3) and also they both contained mullite.
owever, while the mullite in the O-SiAlONs (x = 0.2) produced by
ilicothermal reduction was  issued from the decomposition of hal-
oysite, the presence of mullite in the samples produced by reaction
onding can only come from reaction between SiO2 and Al2O3. This
ould occur since the Si was not yet nitrided and therefore these
crystalline phase assemblage of O-SiAlONs (x = 0.2) prepared by reaction bonding
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hases could not be incorporated into the Si3N4 structure. The SiO2
nd Al2O3 phases would be susceptible to react and form mullite
t this temperature [21] according to:
SiO2 + 3Al2O3 → 2SiO2·3Al2O3 (20)
Contrary to the -SiAlONs, in this case the rare-earth oxide was
ot able to decompose the mullite presumably because it had pref-
rentially reacted with the greater amount of SiO2 present in the
tarting mixtures to form phases such as Dy2Si2O7. The formation
f either mullite or the rare-earth silicates explains why no SiO2
as observed in this sample even though it was the major compo-
ent of the starting mixture and the amount of O-SiAlON formed
as low.
.8. Summary
The effects of additives on the nitridation of Si in SiAlON compo-
itions produced by reaction bonding and silicothermal reduction
outes was different from the effects of such additives on the nitri-
ation of pure Si powder. Some of the additives reacted with mullite
o enhance the formation of SiAlONs produced by the silicother-
al  reduction route. The amount of SiO2 in the starting mixture
layed an important role since it inﬂuenced greatly the way the
itridation and sialon forming reactions evolved. For instance, the
uaternary systems created by the combination of additives in O-
iAlONs seemed to have a eutectic temperature lower than the
itriding temperature as they led to more shrinkage and lower open
orosity without a signiﬁcantly different degree of nitridation. Uti-
izing the nitriding enhancing effect of two additives as well as their
ower eutectic point should make it possible to nitride, form and
inter SiAlONs at lower temperatures. However the densiﬁcation
f the pellets before the end of nitridation could hinder the nitrida-
ion. A catalytic effect of rare-earth oxides on the decomposition of
ullite appears to occur in the -SiAlONs but did not take place in
-SiAlON compositions, where SiO2 is present in larger amounts.
. Conclusions
A study of the starting compositions and processing routes on
he nitridation stage of - and O-SiAlONs with different additives
oth added singularly and in combination has led to the following
onclusions:
ZrO2 and CaO additions had no signiﬁcant inﬂuence on the nitri-
dation of -SiAlONs. However they respectively enhanced and
hindered nitridation in O-SiAlONs.
In O-SiAlONs, the enhancing effect of ZrO2 was probably due to
the formation of ZrN that provided an internal source of nitrogen.
CaO did not have the expected enhancing effect since, instead of
reacting with the SiO2 layer at the surface of the Si powder to
expose free Si, it reacted with the initial SiO2 powder to form a
liquid phase that reduced the interface area between Si and N2
by wetting the Si grains and enhancing the pore closure.
The presence of the liquid phase formed with CaO additives led to
the formation of O-SiAlON at the nitriding temperature, whereas
additions of ZrO2, which led to higher conversion of Si to Si3N4,
could not form O-SiAlON at the same temperature since no liquid
phase was formed.
[
[
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Additions of rare-earth oxides typically enhanced the nitridation
of Si in SiAlONs. In SiAlONs with low level of substitution, the
extra Al2O3 provided with the garnet phase additives (YAG or
DyAG) enhanced the formation of the SiAlON phase compared to
single additions of Y2O3 or Dy2O3.
In high substitution -SiAlONs (z = 4) prepared by silicothermal
reduction with rare-earth oxides, a large amount of nitride phase
was observed, about 34% in mass, which could not be achieved
if the nitridation of Si was the only source of Si3N4. It is thought
that the oxides catalyzed the decomposition of mullite produced
from the original halloysite, and that the subsequent SiO2 reacted
with AlN to form Al2O3 and Si3N4. Without rare-earth oxides, the
mullite was not decomposed, and the lower amount of nitride
phase corresponded to calculations where nitridation of Si was
the only source of Si3N4.
Long dwelling times at temperatures close to the melting point
of Si led to losses of Si by evaporation. This explains why degrees
of nitridation for low Si containing samples appear to be low.
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